Objectives: It is widely believed that persistent Mycobacterium tuberculosis inhabits necrotic lung granulomas in humans and that the microenvironmental conditions encountered therein render the bacilli phenotypically tolerant to antibiotics, accounting for the long duration required for successful treatment of tuberculosis (TB). To validate this belief, we directly compared the activity of rifampicin/isoniazid/pyrazinamide (RHZ) against chronic TB infection in guinea pigs, which exhibit caseous granulomas histologically resembling human caseous foci, and in mice, which lack necrotic granulomas.
Introduction
Efforts to control tuberculosis (TB) in many parts of the world have been hampered by the lengthy and cumbersome drug regimens currently available, which have contributed to medical non-adherence and the emerging problems of multidrug-resistant (MDR) and extensively drug-resistant (XDR) TB. 1 The need for such lengthy treatment is believed to reflect the unique ability of a subpopulation of bacilli to remain in a non-replicating persistent state within caseous lung granulomas. 2 Although genetically drug susceptible, these 'persisters' exhibit phenotypic tolerance 3 to currently available first-line drugs.
Historically, the mouse has been the preferred model for the study of antituberculous drugs because of its relatively reduced cost, ease of handling and housing, robustness and ability to accurately recapitulate the activity of the short-course antituberculosis regimen in humans. 4 However, a major deficiency of the mouse model of TB is the lack of caseous necrosis, which is the pathological hallmark of human TB. 5, 6 Guinea pig TB granulomas more closely approximate their human counterparts with respect to cellular composition, granuloma architecture and presence of caseation necrosis. 5 Microenvironmental conditions associated with caseous necrosis, including hypoxia, 7 -9 are thought to interfere with the sterilizing activity of the standard antituberculosis regimen by rendering bacilli phenotypically tolerant to the killing activity of bactericidal drugs like isoniazid. 10 Based on this reasoning, we hypothesized that M. tuberculosis infection in the guinea pig is more refractory to anti-TB treatment than in the mouse.
We recently performed pharmacokinetics studies with rifampicin, isoniazid and pyrazinamide, establishing the humanequivalent dose of each of these drugs in guinea pigs. 11, 12 We also demonstrated that rifampicin/isoniazid/pyrazinamide (RHZ) treatment administered daily for the first 2 weeks and then twice weekly was much more active against acute TB infection in guinea pigs than in mice. 12 In the latter study, however, guinea pigs and mice were infected with a high-dose inoculum, and treatment was initiated 14 days after infection, prior to the development of caseous granulomas in the lungs of guinea pigs. 11 Therefore, in order to directly test the hypothesis that caseous necrosis interferes with the sterilizing activity of the standard antituberculosis regimen, we designed the current study in which guinea pigs and mice were aerosol-infected with a low-dose inoculum of 10 2 bacilli and treatment was initiated 28 days post-infection, during the chronic phase of infection in each species, and after the development of caseous necrosis in guinea pigs. Each species received 2 months of RHZ, followed by 2 months of rifampicin/isoniazid. The principal endpoints included sterility of the lungs at the completion of treatment, as well as the percentage of animals showing culture-positive relapse at 3 months of follow-up after having completed 3 months or 4 months of this treatment schedule.
Materials and methods

Bacterial strain
An M. tuberculosis wild-type CDC1551 strain was passaged once in mice and guinea pigs, and frozen in aliquots at 2808C before use. Aliquots were thawed and grown to logarithmic phase in Middlebrook 7H9 broth (Fisher, Pittsburgh, PA, USA) with 10% oleic acid-albumindextrose-catalase (Difco, Detroit, MI, USA) and 0.1% Tween 80 (Sigma, St Louis, MO, USA) prior to aerosol infections. The MICs of isoniazid and rifampicin for this strain were determined to be 0.03 mg/L and 0.12 mg/L, respectively.
Antibiotic preparation
Isoniazid and rifampicin were purchased from Sigma-Aldrich (St Louis, MO, USA) and pyrazinamide was purchased from Acros Organics (Morris Plains, NJ, USA). Drugs were prepared in distilled water containing 40% sucrose (weight/volume) in final volumes of 0.2 and 0.5 mL for mice and guinea pigs, respectively. Solutions were prepared weekly and stored at 48C until use.
Animals
Female outbred Hartley guinea pigs (250-300 g) and female BALB/c mice (6-8 weeks old) were purchased from Charles River (Wilmington, MA, USA). All procedures related to mice or guinea pigs followed protocols approved by the Institutional Animal Care and Use Committee at Johns Hopkins.
Aerosol infections
Seventy-two guinea pigs and 82 mice were aerosol-infected separately with diluted log-phase (OD 600 ¼0.5) cultures of M. tuberculosis CDC1551 using the Madison chamber aerosol generation device (College of Engineering Shops, University of Wisconsin, Madison, WI, USA) and Inhalation Exposure System (Glas-Col, Terre Haute, IN, USA), respectively. Each aerosol chamber was calibrated to deliver 100 cfu into the lungs of individual animals.
Antibiotic treatment
Chemotherapy was initiated 28 days after aerosol infection in each species. During the intensive phase, i.e. for the first 2 months of treatment, both species were given RHZ, and during the continuation phase, i.e. for the remaining 2 months, only rifampicin/isoniazid (2RHZ/2RH) was given. Dosing was twice weekly throughout the treatment in order to avoid toxicity associated with five times weekly administration of the drugs in guinea pigs, as previously reported. 12 Mice received 10 mg/kg rifampicin, 25 mg/kg isoniazid and 150 mg/kg pyrazinamide by oesophageal cannula. Guinea pigs received 100 mg/kg rifampicin, 60 mg/kg isoniazid and 300 mg/kg pyrazinamide in the posterior oropharynx by automatic pipette with disposable tip, as previously described. 11 Drug doses in each species were selected to yield similar exposures to those following single doses of each drug in humans. 11, 12 During the study period, mice and guinea pigs were weighed weekly and drug doses were adjusted accordingly based on mean animal body weights. In each species, the rifampicin dose preceded that of the other drugs by at least 1 h to limit drug-drug interactions.
Study endpoints
The basic experimental scheme is shown in Table 1 . In order to determine the number of implanted bacilli, the growth of organisms prior to immune containment and the bacillary burden at the onset of treatment, mice and guinea pigs were sacrificed on the day after infection, 2 weeks after infection and 1 month after infection, respectively. The bactericidal activity of RHZ in each species was assessed 2 weeks and 4 weeks after treatment initiation, as well as monthly thereafter until the completion of 4 months of treatment. At each timepoint, the lungs were aseptically removed and the right lung was homogenized and plated on Middlebrook 7H11 plates (Becton Dickinson, Sparks, MD, USA) for cfu enumeration, as previously described. 13 Log-transformed cfu values were used to calculate averages and standard deviations for graphing purposes. Data are derived from 5 mice and 4 guinea pigs for each timepoint.
In order to assess the sterilizing activity of RHZ, treatment was discontinued for groups of 11 guinea pigs after 3 months and 4 months of therapy, and animals were sacrificed 3 months after discontinuation of treatment in order to assess the relapse rate. Relapse was defined as a positive culture upon plating the entire undiluted lung and spleen homogenates from each of 10 animals. The limit of detection for relapse studies was 1 cfu/organ. Since all mouse lungs were found to be culturepositive after 4 months of RHZ treatment, the relapse arms of the mouse study were terminated prematurely.
At each timepoint, lungs and spleens were weighed, photographed and examined for gross pathology. In order to account for the physiological increase in organ weights in ageing animals, organ weights were normalized using the following formula: sacrificed animal organ weight on day of sacrifice×(mean body weight on day after infection/sacrificed animal body weight on day of sacrifice). At each timepoint the left lung from each animal was fixed in 10% buffered formaldehyde for histopathology. Lungs were sectioned in a standardized fashion along the longitudinal axis (apex to lower lobe), traversing the maximum horizontal dimension (through the hilum). The tissue was embedded in paraffin wax, sectioned and stained with both haematoxylin-eosin and Kinyoun stain for acid-fast bacilli (AFB) detection. Secondary granulomas were differentiated from primary granulomas based on their smaller size, preponderance of lymphocytes and scarcity of histiocytes, as well as absence of TB treatment in guinea pigs and mice 1561 JAC necrosis.
14, 15 The tissue sections were evaluated by a single pathologist with expertise in pulmonary pathology (M. M. F.). Images were obtained using an Olympus DP72 camera (Olympus USA, Center Valley, PA, USA).
Results
Morbidity and mortality during treatment
No deaths were observed in either the treated or untreated groups of mice, and no significant change in mean body weight was seen in either mouse group during the course of the experiment (data not shown).
Although no deaths were observed in the treated guinea pigs, two of the untreated guinea pigs died 3 months after aerosol infection due to TB-related disease. During the first 2 weeks of treatment, treated guinea pigs were found to have lower mean body weights relative to the untreated control group, perhaps due to gavage-induced stress (data not shown). However, mean body weights of treated guinea pigs increased thereafter and continued to increase even after completion of treatment in animals kept for relapse studies. In contrast, all untreated guinea pigs began to lose weight by the completion of the experiment, consistent with TB-related morbidity (data not shown).
Organ weights, gross pathology and histology during treatment
As in the case of body weights, mean lung weights of untreated and treated mice remained constant throughout the course of the experiment (ranging from 0.2+0.02 g to 0.34+0.1 g). On the day after infection, normalized mean guinea pig lung weights were 2.1+0.5 g, increasing to 3.0+0.4 g at the initiation of treatment (Figure 1a) . Normalized mean lung weights of untreated guinea pigs continued to increase throughout, reaching 7.5+3.9 g at the completion of the experiment (Figure 1a) . In contrast, the normalized mean lung weights of treated guinea pigs decreased over time to 1.5+0.2 g at month 4, remaining relatively stable in animals kept for relapse 3 months after treatment completion (Figure 1a ). Similar trends were observed for normalized mean spleen weights of treated and untreated guinea pigs (Figure 1b) .
At the initiation of antibiotic treatment, 28 days after aerosol infection, 4/4 guinea pig lungs exhibited grossly visible lesions measuring 1-2 mm in diameter. By the completion of the experiment, tubercle lesions coalesced to cover .70% of the lung surface of all untreated guinea pigs, while the lungs of three treated animals showed fewer than 10 tubercle lesions measuring ,1 mm diameter, and one set of lungs showed no visible lesions (data not shown). Histological evaluation at treatment onset revealed well-circumscribed granulomas comprising aggregates of epithelioid histiocytes admixed with a few lymphocytes and plasma cells with central necrosis (Figure 2d ). The average number of granulomas at treatment initiation was 46 per lung, with an average diameter of 2400 mm (range 600-4700 mm) and central necrosis averaging 880 mm in diameter. Acid-fast organisms were localized within histiocytes and in the necrotic debris of granulomas. After 4 months of treatment, the average number of primary and secondary granulomas was 6.5 and 10 per lung, respectively. Primary granulomas were predominantly peripheral in location and had areas of necrosis or prominent epithelioid and giant cell reaction (Figure 2e and f) . The average diameter of the primary granulomas at treatment completion declined to 365 mm and areas of necrosis measured 245 mm in diameter on average, while secondary granulomas averaged approximately 95 mm and lacked necrosis. The ratio of granulomatous reaction to necrosis was lower before treatment and higher after treatment was completed (Figure 2f ). Upon treatment completion, few AFB could still be detected in the necrotic centres of the remaining primary granulomas (Figure 2f, inset) , which were present in the periphery of the lungs. Dystrophic calcification and cavitation were absent in all samples.
Tubercle lesions measuring ,1 mm in diameter were grossly visible in the lungs of 3/5 untreated mice 28 days after infection and histological evaluation of mouse lungs revealed loose 3(+3) and 4(+3) indicate that animals were killed 3 months after completing 3 and 4 months of treatment, respectively. c In mice, 2 months of 10 mg/kg rifampicin (R)+25 mg/kg isoniazid (H)+150 mg/kg pyrazinamide (Z), followed by 2 months of RH. In guinea pigs, 2 months of 100 mg/kg rifampicin (R) +60 mg/kg isoniazid (H)+300 mg/kg pyrazinamide (Z), followed by 2 months of RH. Doses of each drug were determined to be equivalent in each species based on area under the serum concentration-time curve (AUC), 11, 12 and were given twice weekly in each species throughout.
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aggregates of mononuclear cells, including primarily lymphocytes with few histiocytes and plasma cells, which were surrounded by pulmonary oedema in the intra-alveolar spaces (Figure 2a ). AFB were predominantly localized to foamy macrophages (Figure 2a, inset) . By month 4 of antibiotic treatment, pulmonary oedema improved and mouse lung lesions became smaller, although the cellular composition remained unchanged (Figure 2b and c) , and rare intracellular AFB were detected (Figure 2c, inset) . Although cellular lesions were present, granulomas with central necrosis were not detected in the lungs of any of the treated or untreated mice.
Bactericidal activity
On the day after aerosol infection, the average lung bacillary counts in mice and guinea pigs were 2.1+0.1 log 10 and 2.1+0.2 log 10 , respectively (Figure 3) . One month later, at treatment initiation, lung counts increased to 5.6+0.5 log 10 and 5.6+0.3 log 10 in mice and guinea pigs, respectively, indicating growth of 3.5 log 10 in each species. Untreated mice and guinea pigs maintained a relatively stable lung bacillary burden throughout the duration of the experiment. Mice treated with 2RHZ/2RH administered twice weekly experienced an 1.0 log 10 kill during the first month of treatment, and the killing rate remained constant for the remainder of the treatment course, such that mouse lungs had 1 log 10 bacilli at month 4 ( Figure 3 ). On the other hand, guinea pigs treated with similar exposures of RHZ showed an 1.0 log 10 reduction in lung bacillary counts after just 2 weeks of treatment, and a further 2.0 log 10 bacillary kill over the next 2 weeks, i.e. by month 1 of treatment. By month 2, all guinea pig lungs were culturenegative and similar results were observed after 3 months and 4 months of treatment (Figure 3 ).
Sterilizing activity
Relapse after 2RHZ/2RH was not studied in mice, as all mouse lungs remained culture-positive after 4 months of treatment. Relapse rates in guinea pigs were 0% (0/10) after both 3 months and 4 months of treatment, as the lungs and spleens of each of the animals kept for relapse assessment remained culture-negative.
Discussion
The major finding of this study was the rapid cure of chronic TB infection in guinea pigs despite the presence of numerous caseous foci in their lungs. Compared with its activity in the mouse chronic TB model, RHZ treatment was much more bactericidal and sterilizing in the guinea pig, as assessed by time to lung culture conversion and by lung and spleen culture relapse data, respectively. The differences in the responses of the two species to the same drug regimen cannot be explained by differences in serum drug exposures or by bacillary burden at treatment initiation.
According to the 'volume theory' of inflammation, which postulates that small hosts tend to trigger more limited inflammatory responses to maintain their body integrity, mice are considered relatively 'tolerant' of M. tuberculosis infection, allowing greater bacillary multiplication relative to larger animals such as guinea pigs or humans. 16 Thus the relatively robust delayedtype hypersensitivity responses in the more 'resistant' guinea pig 14, 16 may have contributed to the more rapid clearance of M. tuberculosis in this species compared with mice following equivalent RHZ exposures. However, the findings of the current study appear incongruous with clinical data in humans, which would be considered more resistant hosts relative to guinea pigs. In our study, guinea pig lungs became culture-negative after only 2 months of twice weekly treatment with RHZ and were relapse-free after only 3 months of treatment, while 2 months of daily treatment with RHZ and ethambutol followed by 4 months of intermittent rifampicin/isoniazid are required to achieve clinically acceptable relapse rates for TB patients. The more rapid sterilization of guinea pig lungs may be due to less severe necrosis in guinea pig lesions relative to human lesions, and especially its absence within secondary granulomas of TB treatment in guinea pigs and mice 1563 JAC guinea pigs. Also, it is important to note that at the time of clinical presentation most human pulmonary cavities, in which there is uninhibited multiplication of M. tuberculosis, 16 harbour bacillary burdens exceeding by several orders of magnitude those of the guinea pigs in our study, 17 and likely necessitate a longer duration of antibiotic treatment to achieve stable cure in humans. In support of this hypothesis, studies have shown that smear-and culture-negative patients with TB, i.e. those with lower bacillary burdens, achieve acceptably low relapse rates when treated with regimens containing RHZ for as few as 3 months. 18, 19 Alternatively, some elements of the immune response to M. tuberculosis infection may be more effective in guinea pigs compared with humans, leading to enhanced bacillary killing in the face of systemic TB chemotherapy. For example, it has been suggested that guinea pig phagocytes mount a more vigorous oxidative burst than do their human counterparts, as katG-deficient, isoniazid-resistant mutants cannot be isolated following isoniazid monotherapy in guinea pigs, 11 whereas such mutants are readily detectable from the sputum of infected patients. The concept that the immune system positively contributes to sterilization of tissues by TB chemotherapy is further supported by the observation that boosting of immune responses following vaccination of mice with DNA vaccines 20 or detoxified fragments of M. tuberculosis formed into liposomes 21 leads to enhanced clearance of murine TB infection in combination with chemotherapy. It is important to note, however, that RHZ also showed potent bactericidal and sterilizing activity against acute TB infection in guinea pigs lacking caseous foci, 12 suggesting that immune-based clearance of M. tuberculosis infection is not dependent on the development of caseation necrosis. Animals received human-equivalent doses of RH during the remaining 2 months of treatment (2RH). In guinea pigs, the following doses were used: 50 mg/kg rifampicin; 60 mg/kg isoniazid; and 300 mg/kg pyrazinamide. In mice, the following doses were used: 10 mg/kg rifampicin; 25 mg/kg isoniazid; and 150 mg/kg pyrazinamide. Data represent mean cfu counts per lung+SD. n¼5 mice and 4 guinea pigs per timepoint. GP, guinea pigs.
Paradoxically, in the latter study, in which treatment was initiated 2 weeks after infection, guinea pig lungs were rendered culture-negative after 3 months of treatment, while in the current study, in which RHZ was delayed until the formation of necrotic granulomas 4 weeks after infection, only 2 months of treatment were required to reach this endpoint. One possible explanation for these findings is that the peak bacillary burden in the acute infection model was 1000-fold higher than in the current study, thus necessitating prolonged treatment.
Our data showing a reduction in the number and size of guinea pig lung TB lesions following RHZ treatment are consistent with those of Ordway et al., 22 who made similar observations by histological evaluation and magnetic resonance imaging. However, our data differ in that Ordway et al. 22 observed a biphasic killing curve associated with RHZ treatment of M. tuberculosis-infected guinea pigs, with a profound 5 log 10 reduction in lung cfu during the first 30 days of treatment, followed by a very slow second phase of killing, such that cfu could be detected in the lungs of animals even after 120 days of treatment. Important methodological differences between the two studies might explain the different findings. These include the M. tuberculosis strains used for infection of animals, the bacillary burden at treatment initiation, and the drug doses administered. Treatment was initiated in our study at a peak lung bacillary burden of 6 log 10 cfu, while the corresponding number of bacilli in the study by Ordway et al. 22 was at least 10-fold higher, likely contributing to the lengthier treatment course required to achieve bacillary clearance in the latter study. Drug doses in the latter study were significantly lower than those we administered, which were chosen to match the area under the serum concentration -time curve (AUC) following standard human doses of each of these drugs. 11, 12 The AUC/MIC appears to be the parameter most closely correlated with the bactericidal activity of isoniazid, 23 rifampicin 24 and pyrazinamide. 25 In particular, the lower doses of rifampicin and pyrazinamide used by Ordway et al. 22 may have contributed to the reduced sterilizing activity of RHZ observed in their study. Although treatment in the current study was administered twice weekly as compared with five times weekly in the study by Ordway et al., 22 it is likely that the long post-antibiotic effect of each of the drugs 26 -28 contributed to the potent bactericidal activity of the RHZ regimen in our study.
Intriguingly, AFB were detectable within the necrotic core of peripheral granulomas of 'sterile' guinea pig lungs after 4 months of treatment in our study, suggesting either delayed clearance of antibiotic-killed bacilli, which continued to stain positively, 29 or the presence of uncultivable persisters. Although guinea pigs were kept for 3 months following completion of treatment to assess the sterilizing activity of RHZ, it is possible the lungs harvested at relapse timepoints were not truly sterile if the immune system of these animals can more readily maintain persisters in a non-cultivable state. In addition, although guinea pig lungs and spleens were cultured for relapse, it is possible that persistent bacilli were present in the intrathoracic lymph nodes or other organs. In support of this hypothesis, Shang et al. 30 recently showed the persistence of cultivable bacilli and progressive granulomatous pathology in the thoracic lymph nodes of guinea pigs treated with a combination of the experimental compound TMC207 plus rifampicin and pyrazinamide. In addition, although this regimen reduced lung cfu to undetectable levels by 8 weeks of treatment, more than onefifth of animals developed clinical relapse as late as 11 months after discontinuation of treatment. 30 Future studies will use immunomodulatory agents following the completion of treatment in order to reactivate any potential persisters and assess true sterilization of RHZ and other combination regimens in guinea pig lungs.
The precise role of the guinea pig in the preclinical screening of novel antituberculous drugs and drug combinations remains to be determined. Interestingly, the biphasic kill curve observed following isoniazid 11 and streptomycin 31 monotherapy in the guinea pig model of TB infection, which is not attributable to the selection of drug-resistant mutants, supports the conclusion that host immune containment in this model rapidly renders bactericidal drugs poorly active. Therefore, the dramatic efficacy of the RHZ combination regimen against chronic TB infection in guinea pigs compared with mice suggests that the activity of the sterilizing drugs rifampicin and pyrazinamide is more highly represented in the guinea pig. Consistent with this hypothesis, and contrary to earlier studies in which pyrazinamide was given at doses well below the human-equivalent dose, 32, 33 we recently found that pyrazinamide has dose-dependent activity against chronic TB infection in guinea pigs and exhibits synergy with rifampicin, 34 as in humans. 35 In conclusion, we found no evidence that necrotizing granulomas interfere with the antituberculous activity of the combination regimen RHZ. In contrast, our data raise the interesting possibility that the immune system may enhance antibioticmediated killing of M. tuberculosis. Whether such enhancement, if it occurs, is limited to sterilizing drugs, such as rifampicin and pyrazinamide, or applies to all antibiotics remains to be seen. Studies comparing mice able to mount potent delayed-type hypersensitivity responses with otherwise genetically identical mouse strains are currently under way in order to directly address the role of necrotic granulomas in bacillary clearance by TB chemotherapy. These research questions have important implications for the treatment of patients with HIV/TB co-infection, as well as the role of immunotherapy in shortening the duration of TB treatment and/or overcoming drug resistance.
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